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are  suggested  as  an  explanation  for  the  observed  stereo- 
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CARBENE  CHEMISTRY 

PART  I.  STEREOCHEMICAL  INTEGRITY  AT  Ca  IN 
KETONE  TOSYLHYDRAZONES 

INTRODUCTION 

Interest  in  the  chemistry  of  p-toluenesulfonylhydra- 
zones  has  grown  appreciably  in  recent  years.  Tosylhydra- 
zones,  as  well  as  their  alkali  metal  salts,  have  come  into 
their  own  as  important  synthetic  intermediates.  For  the 
purpose  of  providing  the  background  for  the  chemistry  in- 
vestigated, a brief  summary  of  current  literature  as  it 
portrays  tosylhydrazone  chemistry  will  be  discussed.  The 
examples  presented  are  by  no  means  exhaustive.  Considera- 
tions for  the  basis  of  selection  include  mechanistic  in- 
terest, synthetic  usefulness,  and  timeliness.  Since  the 
examples  cover  an  extremely  wide  range  of  application,  a 
meaningful  classification  scheme  is  somewhat  difficult  in  a 
paper  of  this  size.  For  our  purposes,  tosylhydrazone 
chemistry  will  be  discussed  in  terms  of  four  functional 
areas:  (1)  those  reactions  which  are  known  to  proceed 

through  carbenes  or  dianions  and  generally  produce  products 
of  increased  unsaturation;  (2)  those  reactions  which  in- 
volve reduction,  including  alkylative  reduction,  at  the 
carbonyl  carbon;  (3)  reactions  involving  molecules 

i 


containing  heteroatoms  other  than  oxygen  and  nitrogen;  and 
(4)  reactions  involving  deuterium  incorporation. 

The  first  example  of  the  first  class  of  reactions 
(those  producing  greater  unsaturation  in  the  carbon  skele- 
ton) is  the  well  known  and  synthetically  useful  conversion 
of  a ketone  to  an  alkene  via  the  tosylhydrazone . This 
sequence  was  developed  primarily  by  Shapiro  (3,  6) . Treat- 
ment of  the  tosylhydrazone  with  two  equivalents  or  more  of 
an  alkyllithium  reagent  (usually  MeLi  or  n-BuLi)  affords 
the  olefin  in  excellent  yields.  In  situations  where  it  is 


possible  to  form  more  than  one  alkene,  the  less  substituted 
alkene  is  formed  almost  exclusively  (3,  6).  It  is  quite 
apparent  from  the  following  examples  that  acidity  of  the  a 
protons  is  not  as  important  as  once  thought.  Shaphiro  has 
postulated  that  "regiospecif icity  is  largely  controlled  by 
the  configuration  of  the  carbon-nitrogen  double  bond  . . . 
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NNHTs 


Ph-CH9-C-CH, 
■*11  3 


NNHTs 


Ph-CH2CH=CH2 


100% 


an  a-hydrogen  syn  to  the  tosyl  group  is  selectively  elimi- 
nated" (6) . The  mechanism  proposed  for  the  formation  of 
the  alkenes  involves  a dianion  intermediate  2^  shown  in 
scheme  1. 


\C^=N-N-TS 


ctST*-'*. 


/|  ‘H  R' 


\ *>-N=N 


C 

/ \ 
3 


/\ 

4 


/c\ 


Scheme  1 


Loss  of  N2  from  3^  produces  the  mono  anion  4^  which  abstracts 
a proton  from  the  solvent.  It  was  once  believed  that  the 
abstraction  of  a proton  from  1^  and  the  loss  of  Ts-  were 
concerted  (thus  bypassing  the  dianion  2)  . Recently,  how- 
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ever,  Shapiro  (6)  has  been  able  to  successfully  trap  the 
dianion  2.  Depending  upon  the  trapping  agent,  a wide  range 
of  synthetically  useful  compounds  are  available: 


Ph-CH,-C-CH3 

2 i 

NNHTs 


ch3i 


NNHTs 


f3 

-C-OH 


NNHTS  CH- 


A second  reaction  series  which  generally  gives  products 
of  increased  unsaturation  within  the  carbon  skeleton  pro- 
ceeds via  a carbene  intermediate.  In  recent  years  tosyl- 
hydrazones  and  their  lithium  salts  have  been  a favorite 
route  to  alkyl  and  dialkyl  carbenes  (4,  5,  32).  The  tosyl- 
hydrazone  decomposition  which  affords  the  carbene  can  be 
accomplished  by  a dry  salt  pyrolysis  of  the  lithium  or 
sodium  salt,  pyrolysis  of  the  salt  in  an  aprotic  solvent, 
and  photolysis  of  the  salt  in  an  aprotic  solvent.  The 
carbene  J5  may  react  in  a variety  of  ways  to  create  an 
alkene  6 or  cyclopropane  species  7 via  an  intramolecular 
reaction.  An  intermolecular  cyclopropane  adduct  & may 
also  be  formed.  These  possibilities  are  depicted  in 
scheme  2 and  the  equations  which  follow  (1,  2,  4,  5,  8,  32). 


5 


Scheme  2 


CH=NNTs 


dry  salt 

^ 

pyrolysis 


NNHTs 

NaOMe , A 
aprotic  > 


-I- 


M — 
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If  the  decomposition  is  conducted  in  protic  solvents 
the  reaction  proceeds  through  a carbonium  ion  mechanism  (1, 
2,  4,  5,  8).  This  mechanism  is  illustrated  for  the  case  of 
camphor  tosylhydrazone  (8)  in  scheme  3. 


Scheme  3 


Similarly,  decomposition  of  cyclopropanecarboxaldehyde 
tosylhydrazone  in  protic  solvents  yields  bicyclobutane  (4, 
5)  : 

CH=NNLiTs 


Along  a similar  vein,  Shapiro  (7)  has  investigated  the 
action  of  trivalent  metal  cations  upon  tosylhydrazones . 
Treatment  of  camphor  tosylhydrazone  with  LiAlH4  in  THF  gives 
a 60*40  mixture  of  camphene  11^  and  tricyclene  1£.  The  tri- 
cylene  arises  from  the  insertion  of  the  carbene  9 while  the 


camphene  results  from  reaction  of  the  metal  with  diazocam- 
phane  12:.  The  proposed  mechanism  is  shown  in  scheme  4. 


Scheme  4 

Additional  work  using  LiBH4  led  to  an  increased  amount  of 
tricyclene  due  to  the  decreased  ability  of  boron  to  inter- 
act with  diazocamphane  lji.  The  reaction  with  LAH  has  been 
applied  to  various  steroids,  generating  the  rearranged  pro- 
duct as  the  major  component  (7) . 

The  final  reaction  of  the  first  classification  group 
offers  a convenient  and  versatile  route  to  a, 3-unsaturated 
aldehydes  (11) . The  tosylhydrazone  is  treated  with  four 
equivalents  of  n-BuLi  which  eventually  gives  the  mono  anion 
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4 (scheme  1) . A nucleophilic  attack  on  the  carbonyl  carbon 
of  dimethyformamide,  followed  by  hydrolysis  affords  the  un- 
saturated aldehyde  in  acceptable  yields  (ca.  60%) . 


The  second  class  of  reactions  is  that  in  which  there  is 
some  sort  of  reduction  at  the  original  carbonyl  carbon.  In 
the  simplest  case  the  carbonyl  center  is  converted  to  a 
methylene.  Catecholborane  (25) , lithium  aluminum  hydride 

(27) ,  sodium  borohydride  (27),  and  sodium  cyanoborohydride 

(28)  have  all  been  used  very  successfully  for  this  purpose. 
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NNHTs 


1) 


BH 


/ 


2)  Na0Ac*3H20 


CH,-C=NNHTs 
■J  i 


CH 
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LJ.AIH4  or 
NaBH4 


ch3-ch2-ch3 


NNHTs 


A mechanism  for  the  catecholborane  reaction  has  been  pro- 
posed by  Kabalka  (25)  in  which  there  is  an  initial  addition 
of  the  borane  across  the  carbon-nitrogen  double  bond.  This 
mechanism  is  shown  in  scheme  5. 

A second  example  of  reduction  with  hydrogen  is  one  in 
which  there  is  migration  of  a double  bond,  a, 0-Unsaturated 
tosylhydrazones  when  treated  with  catecholborane  (29)  or 
sodium  cyanoborohydride  (26,  28)  yield  rearranged  alkenes 
as  products.  This  reaction  might  be  particularly  useful  in 
the  generation  of  exocyclic  and  non-con juga ted  double  bonds. 
In  view  of  the  high  percentage  of  rearranged  alkene  (exclu- 
sive in  some  cases)  it  is  likely  that  the  first  step  of  the 
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The  third  and  fourth  examples  of  the  reduction  class 
are  alkylative  reductions.  The  reductive  alkylation  of 
aldehyde  tosylhydrazones  has  been  studied  by  Vedejs  (12) . 

He  has  found  that  the  addition  of  alkyllithium  reagents 
does  not  produce  the  dianion  (as  it  does  with  ketone  tosyl- 
hydrazones) but  rather  adds  across  the  carbon-nitrogen 
double  bond,  due  in  part  to  decreased  steric  interactions 
and  increased  positive  charge  at  the  carbonyl  carbon. 

Yields  to  date  have  been  only  moderate  (30-60%)  . Vedejs' 
mechanism  is  shown  in  scheme  6,  followed  by  a typical  reac- 
tion. 

R*  Li  Li 

R' Li  | | | -LiTs 

R-C=NNLiTs  R - C-N-N  — Ts  

I I 

H H 

R'  R'  R' 

I -N2  I H20  | 

R-C-N=NLi V R-C-Li  >-  R-C-H 

I I I 

H H H 

Scheme  6 

1) t-BuLi/THF 

Ph-CH,CH-CH-NNHTs  ► PhCH,CH0CH--C (CH,) , 

2) H20  222  33 

61% 

The  reductive  alkylation  of  fluorenone  tosylhydrazone 
13  is  the  final  example  of  the  second  class.  Shapiro  (9) 
has  employed  the  tosylhydrazone  as  a successful  precursor 
to  the  9,9-disubstituted  fluorenes.  Since  there  are  no  a 
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hydrogens  to  abstract,  treatment  of  the  tosylhydrazone  with 
two  equivalents  of  MeLi  yields  the  anion  14  which  then 
reacts  as  a typical  nucleophile.  This  sequence  is  depicted 
in  scheme  7. 


Scheme  7 

The  third  class  of  tosylhydrazone  chemistry  deals  with 
molecules  containing  the  heteroatoms  phosphorus  and  sulfur. 
The  discussion  of  this  class  will  be  brief  but  will  illus- 
trate some  of  the  innovative  uses  of  tosylhydrazones . 
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Rosini  (22)  has  successfully  reduced  ketophosphonates  via 
the  tosylhydrazone  and  has  additionally  synthesized  various 
1-diazoalkane  phosphonates  which  are  readily  converted  to 
alkene  phosphonates  upon  treatment  with  a suspension  of  Cu/ 
Benzene. 


The  addition  of  HCN  across  the  tosylhydrazone  C,N  double 
bond  is  the  first  step  in  the  preparation  of  alkyl  thiocar- 
boxylates  in  the  method  of  Caglioti  (23) : 


*2 


R1-C=NNHTs 


HCN 

► 


*2 


R, -C-NHNHTs 

1 l 

CN 


R2 

I 

R, -C-H 

1 I 

,C 

o'  VS-C2H5 


1)  C2H5SH ,HCl 

2)  H20 

3)  A 
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The  fourth  and  final  class  of  reactions  are  those 
which  utilize  the  tosylhydrazone  as  an  efficient  means  of 
incorporating  deuterium.  The  use  of  deuterium  labeling  is 
extremely  important  in  organic  mechanistic  studies  and 
examples  presented  offer  some  attractive  means  of  incorpora- 
tion. Mechanisms  for  these  reactions  have  been  covered  in 
the  discussion  of  classes  one  and  two  and  will  not  be 
covered  here.  The  first  example  comes  from  Shapiro  (6) . 
Dianion  2 (scheme  1)  may  be  trapped  with  D20: 


PhCH--C=NNHTs 

2 I 

CH3 

15 


1)  2 MeLi 

*• 

2)  D20 


PhCH~-C=NNDTs 

2 l 

CH2D 


An  interesting  contrast  is  seen  when  15^  is  treated  with 
sodium  methoxide  in  MeOD  (6)  resulting  in  perdeuteration  at 
the  benzylic  position. 

D 

NaOMe/MeOD 

PhCH0-C=NNHTs  *-  Ph-C-C=NNDTs 

2 I 80®  || 


CH- 


D CH3 


Shapiro  has  also  trapped  anion  JL4  (scheme  7)  with  D20  in 
reductive  alkylation  sequence  of  fluorenones  (9) : 


1)  2 MeLi 

2)  D20 


NNHTs 
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A method  of  deuterium  incorporation  successfully  used 
by  Kabalka  (25),  utilizes  various  combinations  of  catechol- 
borane— and  D 2 0 to  effect  the  placement  of  one  or  two 
deuterium  atoms.  These  are  shown  in  scheme  8.  Reductions 
using  LiAlD^  are  well  known  and  will  not  be  discussed. 


1) 
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BD 


R-C-CH. 
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R-C-CH. 


I 

NNHTs 
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BD 


2)Na0Ac-2H20 
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R-C-CH, 


2)  NaOAC‘ 
3 D2O 
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R-C-CH. 
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DESIGN,  RESULTS,  DISCUSSION 


The  question  of  C stereochemical  integrity  in 


sequences  employing  ketone  tosylhydrazones  is  a very  real 
one.  The  conditions  used  for  the  initial  formation  of  the 
tosylhydrazone  vary  widely,  ranging  from  EtOH/H+  (cat)  to 
pyridine.  If  the  ketone  a-carbon  has  enolizable  hydrogens, 
the  formation  of  a small  amount  of  enol  lj5  or  enolate  17, 
is  a definite  possibility  (30,  31)  and  is  depicted  in 
scheme  9 . 


base 


h,c-c-ch3  — 


II 

0 


H 


H3C-C-CH2  -« H3C-C=CH2 


0_ 

17 


L 


H 


base 


H,C-C  -CH,  — >-  H0C-C=CH0 

j I J — ; -i  i & 


H' 


/ 


H 


H 
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Scheme  9 


1 


Even  in  the  apparent  absence  of  acidic  or  basic  conditions 
enolization  is  possible.  This  was  nicely  demonstrated  by 
Maynez  (18)  when  he  simply  combined  ketone,  tosylhydrazide , 
and  acetone-dg.  The  recovered  ketone  was  perdeuterated . 
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Assuming  that  is  able  to  maintain  stereochemical 
integrity  during  tosylhydrazone  formation,  rather  drastic 
conditions  (usually  NaOMe  or  MeLi)  are  then  employed  in  the 
formation  of  the  alkali  metal  salt  and  its  subsequent  de- 
composition (a  common  preparative  carbene  sequence) . As 
previously  seen,  stereochemistry  at  Ca  could  be  affected. 

B 

R-CH-C-R'  ►-  R-C-C-R' 

i ii  i ii 

A NNHTs  A NNTs 

2 

Quite  obviously,  Shapiro's  elimination  procedure  (3,  6) 
(scheme  1)  destroys  CQ  stereochemical  integrity  intentional- 
ly on  one  side  for  sure,  and  possibly  both  sides. 

Considering  the  wide  range  of  tosylhydrazone  usage, 
there  are  a large  number  of  situations  in  which  it  is 
desirable  to  maintain  stereochemical  integrity  at  Ca.  This 
research  group  alone  has  had  numerous  occasions  arise  in 
which  a knowledge  of  the  CQ  stereochemistry  was  critical. 
(One  such  instance  is  described  in  Part  Two  of  this  thesis.) 
It  would  be  very  desirable  then  to  have  some  method  avail- 
able for  the  determination  of  Ca  stereochemistry.  The 
paramount  consideration  is,  of  course,  that  whatever 
analytical  method  is  chosen,  it  must  be  completely  passive 
with  respect  to  C^.  Of  lesser  importance  are  such  factors 
as  cost,  convenience,  simplicity  and  speed. 
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Practically  speaking,  there  are  two  alternatives.  The 
first  is  a direct  comparison  of  ketone  and  tosylhydrazone 
spectra  (uv,  ir,  nmr) . Mass  spectral  data  is  not  likely 
to  be  of  much  help  (even  when  Ca  contains  deuterium)  since 
molecules  containing  more  than  one  or  two  heteroatoms 
generally  produce  erratic  results  (33)  . Additionally,  the 
tosyl  portion  of  the  spectra  may  dominate  or  entirely 
mask  any  information  concerning  C^.  The  use  of  shift 
reagents  may  be  of  some  help  in  these  cases  (nmr) . 

The  second  approach  involves  the  conversion  of  the 
tosylhydrazone  back  to  the  ketone  followed  by  spectroscopic 
analysis  of  the  two  ketones.  Spectra  may  now  be  compared 
directly  without  interference.  The  obvious  disadvantage  is 
that  one  runs  the  risk  of  having  the  cleavage  reaction 
affect  the  stereochemistry  at  C^.  In  fact  if  the  stereo- 
chemistry does  turn  out  to  be  different,  the  change  may 
have  occurred  during  the  formation  of  the  tosylhydrazone, 
its  cleavage,  or  both.  Although  the  literature  offers  an 
abundarce  of  cleavage  methods,  there  are  no  studies  which 
were  concerned  with  the  question  of  stereochemistry. 
Several  methods  of  tosylhydrazone  cleavage  are  shown  in 
Table  1. 

The  basic  approach  used  was  to  look  for  a cleavage 
reaction  whose  conditions  were  mild  enough  so  as  not  to 
cause  enolization  at  C a<  Additionally,  a reaction  of  high 
yield  was  desirable.  The  stereochemical  trap  chosen  was 
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Table  1.  Tosylhydrazone  Cleavage  Methods. 


General  Method 

Specific  Reagents 

exchange  methods 

pyruvic  acid  (21) 

acetone  (18) 

acetone/BF^  (19) 

oxidative  methods 

ozonolysis  (14) 

sodium  hypochlorite  (16) 

N-bromosuccinimide  (17) 

sodium  peroxide  (20) 

non-redox 

titanous  ion  (15) 

| 

f 


simple  but  very  conclusive.  Through  the  use  of  deuterium 
labeling  at  (which  is  easily  accomplished)  the  initial 
ketone  and  final  ketone  (that  which  had  been  to  tosylhydra- 
zone and  back)  could  be  conveniently  compared  by  low  voltage 
mass  spectroscopy  (Appendix  B) . No  loss  of  deuterium  would 
mean  that  enolization  takes  place  in  neither  the  formation 
nor  cleavage  of  the  tosylhydrazone.  Furthermore,  stereo- 


chemical integrity  at  Ca  is  maintained.  However,  if  there 


is  a loss  of  deuterium,  further  experiments  would  be  neces- 
sary to  determine  which  step  contributed  to  the  loss  of 
deuterium.  Since  neither  of  the  two  reactions  are  capable 
of  increasing  the  amount  of  deuterium,  there  is  no  way  for 
one  reaction  to  coincidentally  negate  the  effect  of  the 
other. 
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Eight  methods  in  common  use  were  applied  to  the 
cleavage  of  camphor  tosylhydrazone . The  results  are  sum- 
marized in  Table  2. 


Table  2.  Camphor  Tosylhydrazone  Cleavage  Results. 


Method 

% Conversion3 

Additional  Products^ 

acetone  or  acetone/H+ 

30-40 

yes 

cyclopentanone 

55 

yes 

CH3I/95%  EtOH 

0 

yes 

NaOCl 

20 

yes 

ozone 

5 

no 

NBS/MeOH , Acetone 

20-40 

yes 

NBS/^O,  Acetone 

50-70c 

yes 

pyruvic  acid 

50-70 

yes 

VPC  analysis;  p-cymene  used  as  internal  standard 

Additional  products  were  not  identified 

c86-100%  with  diisopropyl  ketone  tosylhydrazone;  98%  with 
6 , 6-dimethyl-norbornan-2-one  tosylhydrazone 

Exo-3-deuteriocamphor  (36)  1J?  and  2-deuterio-2 , 4- 
dimethyl-3-pentanone  1£  (diisopropyl  ketone)  were  selected 
as  representative  ketone  substrates. 


a)  X=0  a)  X=0 

b)  X-NNHTs  b)  X=NNHTs 
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In  the  case  of  18a  it  has  been  shown  (35,36)  that  the  exo- 
3-deuterium  should  be  lost  in  preference  to  the  endo-3- 
hydrogen  (even  considering  the  isotope  effect) . Thus  enoli- 
zation  of  either  18  or  19  should  result  in  a loss  of 
deuterium. 

Two  cleavage  methods  were  also  selected  for  use  in  the 
initial  phase  of  experiments.  These  were  chosen  strictly 
on  the  basis  of  yield  of  ketone  (Table  2) . The  first 
method  was  the  exchange  with  pyruvic  acid  after  the  method 
of  Hershberg  (21)  . The  second  was  a modification  of 
Rosini's  NBS  reaction  (17)  using  H20  in  place  of  MeOH.  The 
substrates  and  processes  of  interest  are  summarized  by  the 
following  equations: 

Equation  1: 


Equation  2: 


D 0 H D NNHTs  D 0 H 


Mass  spectral  results  for  equations  1 and  2 are  summarized 
in  Tables  3 and  4 respectively. 

It  was  also  of  interest  to  know  whether  or  not  any 
deuterium  may  have  been  lost  from  Ca  during  the  formation 
of  the  lithium  salts  of  tosylhydrazones  since  these  salts 
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Table  3.  Mass  Spectral  Results  for  the  Camphor  Sequence 
(Equation  1) . 


d Content 

of  Initial  Ketone 

d Content  of  Final  Ketone 

pyruvic  acid  NBS 

% dQ 
% dx 

7.0  ± 0 . 4a 

79.3  ± 0.4 

63.1  ± 1.0  7.1  ± 0.4 

32.8  ± 1.0  79.2  ± 0.4 

% d2 

13.7  ± 0.3 

4.1  ± 0.5  13.7  ± 0.2 

aStandard 

deviation 

Table  4 . 

Mass  Spectral  Results 
Sequence  (Equation  2) 

for  the  Diisopropylketone 

• 

d Content 

of  Initial  Ketone 

d Content  of  Final  Ketone 

% dQ 

27.4  ± 0 . 6a 

NBS 

27.7  ± 1.1 

% d1 

49.1  ± 0.6 

49.8  ± 1.1 

% d2 

23.5  ± 0.5 

22.5  ± 0.9 

aStandard 

deviation 

are  widely  used  as  carbene  precursors.  The  lithium  salt  of 
camphor  tosylhydrazone  was  prepared  using  exactly  an  equiva- 
lent of  MeLi.  The  salt  was  converted  back  to  the  tosylhydra- 
zone with  0.1  N acetic  acid.  NBS  was  then  used  to  regener- 
ate the  ketone.  This  sequence  is  summarized  in  scheme  10. 

The  mass  spectral  results  are  summarized  in  Table  5. 

In  looking  at  the  pyruvic  acid  cleavage  (Table  3)  of 
camphor  tosylhydrazone,  it  is  readily  apparent  that  Ca  has 
been  altered  as  indicated  by  the  large  increase  in  % do 


Scheme  10 


Table  5.  Mass  Spectral  Results  for  the  Lithium  Salt 
Sequence  (Scheme  10) . 


d Content 

of  Initial  Ketone 

d Content  of  Final  Ketone 

% dQ 

7.0  ± 

0 . 4a 

7.4  ± 0.4 

% d1 

79.3  ± 

0.4 

78.8  ± 0.6 

% d2 

13.7  ± 

0.3 

13.8  ± 0.8 

aStandard  deviation 


(7.0%  -*■  63.1%).  Percent  d^  and  d2  show  a corresponding  de- 
crease. At  this  point  one  could  only  conclude  that  enoliza- 
tion  had  occurred  either  in  the  tosylhydrazone  formation  or 
subsequent  cleavage  (or  in  both) . However,  when  coupled 
with  the  results  from  the  NBS  cleavage  some  definite  con- 
clusions may  be  drawn.  In  the  NBS  reaction  there  is  no 
loss  of  deuterium  and  therefore  no  enolization  at  C in 
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either  the  tosylhydrazone  formation  or  cleavage.  Further- 
more, since  the  tosylhydrazones  were  all  prepared  in  the 
same  manner,  we  know  that  the  pyruvic  acid  exchange  method 
of  cleavage  does  cause  enolization.  The  formation  of  the 
lithium  salt  of  camphor  tosylhydrazone  also  is  free  of  any 
enolization  at  Ca  as  evidenced  by  the  data  in  Table  5.  The 
dp,  d^,  and  d2  composition  is  the  same  before  and  after  the 
reaction  sequence.  What  do  the  results  indicate  in  rela- 
tion to  the  original  problem?  There  does  exist  a suitable 
method  for  checking  the  stereochemistry  at  in  ketone 
tosylhydrazone  sequences.  The  method  of  Rosini  (17)  using 
N-bromosuccinimide  is  simple,  fast,  and  no  detectable  eno- 
lization at  Ca  occurs.  From  a theoretical  standpoint, 
Rosini  envisions  the  mechanism  in  Scheme  11. 
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Scheme  11 
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Presumably  the  NBS  serves  as  a Br+  transfer  agent  (30, 
31)  in  the  formation  of  the  N-bromotosylhydrazone  2£.  HBr 
is  then  easily  expelled  following  a nucleophilic  attack  by 
MeOH  on  the  carbonyl  carbon  leading  to  the  mono-ether  21 . 
The  next  step  is  rather  curious,  however.  It  may  be  in- 
ferred from  the  representation  presented  that  Rosini  views 
the  second  attack  by  MeOH  and  expulsion  of  Nj  as  a con- 
certed (Sn2)  process.  In  view  of  the  reaction  conditions 
(polar,  ionic) , the  tertiary  center,  the  excellent  leaving 
groups,  and  the  presence  of  a methoxy  group  to  greatly 
stabilize  the  incipient  carbonium  ion,  an  SN1  mechanism 
seems  much  more  reasonable  (Scheme  12) . 


,:OCH-> 

R'-C-N=N-Ts 
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OCH-,  OCH3 

II  I 
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Scheme  12 


In  the  case  of  camphor,  where  an  SN2  displacement  is 
especially  unlikely  due  to  steric  considerations,  a car- 
bonium ion  of  some  sort  is  almost  certain.  It  could  be 
asked  whether  a non-classical  carbonium  ion  24  might  be 
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involved.  Based  upon  the  most  likely  configuration  of  the 
methoxy  group  (exo) , the  answer  is  probably  not,  since  the 
leaving  group  must  necessarily  be  endo. 


Even  if  the  non-classical  ion  is  not  formed  directly,  the 
classical  ion  may  "leak"  over  to  the  non-classical.  There 
is  also  the  possibility  that  the  classical  ion  may  rearrange 
to  a different  classical  ion.  An  analogous  case  was  covered 
earlier.  When  camphor  tosylhydrazone  is  treated  with 
LiAlH^,  a high  percentage  of  camphene  is  formed,  presumably 
proceeding  through  a rearranged  carbonium  ion.  In  the 
event  of  the  generation  of  either  non-classical  or  re- 
arranged carbonium  ions,  a mixture  of  products  might  well 
be  expected.  Scheme  13  depicts  some  of  these  possibilities. 
On  the  other  hand,  it  could  be  argued  that  since  the 
classical  ion  2J5  is  probably  formed  initially,  rearrange- 
ments are  not  too  likely  due  to  the  fact  that  the  methoxy 
group  stabilizes  25^  and  thus  leads  only  to  2S_.  The  experi- 
mental facts  are  that  Rosini's  procedure  always  leads  to  a 
large  number  of  unidentified  products  (up  to  ten  according 
to  VPC  analysis) . In  fact  the  ketone  rarely  accounted  for 
more  than  30%  of  the  product  mixture.  Our  modification  of 
Rosini's  procedure  (using  H2O  in  place  of  MeOH) 
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Scheme  13 


significantly  reduced  the  number  of  additional  products  and 
consequently  gave  us  much  better  yields  of  the  desired 
ketones . 

As  for  further  experimentation,  the  most  interesting 
work  focuses  around  a more  precise  understanding  of  the  NBS 
reaction.  Numerous  unidentified  peaks  need  to  be  charac- 
terized, some  of  which  may  reveal  details  of  the  mechanism. 

A kinetic  study  of  this  reaction  would  be  an  interesting 
challenge,  especially  since  the  reaction  goes  to  completion 
in  something  less  than  60  seconds.  In  the  light  of  the  suc- 
cess of  tosylhydrazone  cleavage  (NBS) , a logical  step  would 
be  to  extend  this  reaction  to  other  classes  of  similar  com- 
pounds: hydrazones,  2 , 4-dinitrophenylhydrazones , oximes, 
or  semi-carbazones  for  instance.  Ca  stereochemistry  is 


important  in  these  cases  as  well.  Rearranged  products 
could  well  be  of  interest  here  also. 
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EXPERIMENTAL 

Melting  points  were  measured  using  either  a Buchi 
melting  point  apparatus  or  a Mel-Temp  device  and  are  uncor- 
rected. NMR  spectra  were  recorded  at  100  MHz  with  a Varian 
HA-100  or  at  60  MHz  with  a Varian  Anaspec  EM-360.  Infrared 
spectra  were  obtained  with  either  a Beckman  IR-8  or  a 
Perkin-Elmer  Model  621.  Vapor-phase  chromatographic  analy- 
ses were  carried  out  using  a Varian  Aerograph  A-90-P,  an  18 
ft.  x 0.25  in.  5%  OV-17  on  60/80  chromosorb  G column; 
yields  were  determined  using  p-cymene  as  an  internal  stan- 
dard; the  VPC  detector  was  interfaced  with  a Hewlett 
Packard  3373B  digital  integrator. 

Deuterium  analyses  were  accomplished  via  a low-voltage, 
mass  spectral  technique  using  a Varian  MAT  CH-7  spectro- 
meter, interfaced  with  a PDP-8/m  computer.  Before  analyz- 
ing a deuterated  sample,  the  non-deuterated  sample  was  run 
in  order  to  determine  the  exact  intensities  of  P,  P+1,  and 


P+2  at  a voltage  that  eliminated  the  P-1  peak  (usually  18- 
20  eV) . The  molecular  ion  region  was  scanned  10-20  times; 
the  mean  and  standard  deviations  are  reported.  (For  a more 
complete  description  of  the  technique,  see  Appendix  B.) 

Spectral  grade  CDCl^  was  supplied  by  Merck,  Sharp,  and 
Dohme;  CCl^  by  Mallinckrodt;  D2O  by  Stohler  Isotope  Chemi- 
cals. Pyruvic  acid  was  purified  by  distillation  in  vacuo 
! using  a Kugelrohr  distillati_  pparatus. 
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2-Deuterio-2 , 4-dimethyl- 3-pentanone . CH^OD  was  pre- 
pared by  the  general  method  of  Streitwieser  (34).  Using 
carefully  dried  apparatus,  a solution  prepared  from  15  ml 
of  CH-jOD,  3.0  g (0.026  mol)  of  ketone,  and  0.08  g of  Na  was 
stirred  for  9 hr  at  room  temperature.  The  solution  was 
then  quenched  with  D2O,  extracted  with  ether,  washed  with 
H2O,  and  dried  over  MgSO^.  NMR  (CCl^)  6 2.7  (heptet,  0.9 
H,  J=7  Hz),  1.06  5 (M,  12  H) ; mass  spectrum  % dp  = 27.4  ± 
0.6,  % d1  = 49.1  ± 0.6,  % d2  = 23.5  ± 0.5. 

2- Deuterio-2 , 4-dimethyl-3-pentanone  tosylhydrazone. 
Ketone  (2.2  g,  0.019  mol),  tosylhydrazine  (3.56  g,  0.019 
mol) , 40  ml  of  ethanol  (95%) , and  1 drop  con  HC1  were  com- 
bined and  the  resulting  solution  placed  on  a steam  bath  for 
4 hr.  The  solvent  was  largely  removed  by  evaporation. 
Refrigeration  produced  3.5  g (65%)  of  a white  crystalline 
solid  which  was  used  without  further  purification,  mp  95- 
99.  An  analytical  sample  of  undeuterated  tosylhydrazone 
had  a mp  of  106 . 9-108 . 7°C . 

Anal  calcd  for  ci4H22N2°2S :C'  59.54;  H'  7-85.  Found: 

C,  59.66;  H,  7.87. 

3- Deuteriocamphor . An  adaptation  of  the  procedure  of 
Tidwell  (35d)  was  used.  In  a dry  250-ml  round-bottom  flask, 
60  ml  of  reagent  grade  dioxane  and  30  ml  of  D20  were  com- 
bined. The  flask  was  cooled  to  0®,  and  0.08  g of  Na  was 
added  in  three  portions.  The  ice  bath  was  removed  and  the 
solution  was  allowed  to  come  to  room  temperature.  Camphor 
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(2.0  g,  0.013  mol)  was  dissolved  in  5 ml  of  dioxane  and 
then  added  to  the  above  solution.  After  30  hr  of  stirring, 
the  solution  was  extracted  with  ether,  washed  with  H20,  and 
dried  over  MgSO^.  Mass  spectrum  %dQ=7.0±0.4,  %d^= 
79.3  ± 0.4,  % d2  = 13.7  ± 0.3. 

The  Tosylhydrazone  18b  and  the  Lithium  Salt  of 
Tosylhydrazone  18b.  Tosylhydrazone  18b  was  t repared  as 
described  above  for  2 , 4-dimethyl-3-pentanone,  giving  a 75% 
yield,  mp  157-159°  (2) . The  lithium  salt  of  the  tosylhydra- 
zone was  prepared  by  treating  18b  (0.2916  g,  0.908  mmol)  in 
10  ml  of  THF  with  1 equiv  of  methyllithium  (2  M solution  in 
THF) . The  lithium  salt  was  then  reconverted  to  tosylhydra- 
zone by  neutralization  with  0.1  N acetic  acid.  This  mix- 
ture was  extracted  with  ether,  washed  with  H20  and  dried 
over  MgSO^.  Evaporation  of  solvent  gave  80%  recovery  of 
18b. 

The  Tosylhydrazone  to  Ketone  Conversion  Using  N- 

Bromosuccinimide  (NBS) . This  procedure  is  an  adaption  of 

-4 

the  method  of  Rosini  (17) . Tosylhydrazone  (10  mol)  and 

internal  standards,  if  desired,  were  dissolved  in  a mixture 

of  14  ml  of  acetone  and  4 ml  of  water.  When  dissolution 

was  complete,  the  mixture  was  cooled  to  0°  using  an  ice/ 

-4 

water  bath.  N-Bromosuccinimide  (4  x 10  mol)  was  then 
added.  Stirring,  using  a teflon  coated  stir  bar,  was  con- 
tinued for  2 min.  (Evolution  of  N2  was  apparent  after  10- 
15  seconds,  and  the  resulting  solution  was  yellow) . The 
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tinued  while  adding  ca.  10  ml  of  water.  The  ketone  was 
extracted  with  ether,  and  the  combined  organic  extracts 
were  washed  with  water,  10%  Na2C03,  and  then  dried  over 


MgS04. 


The  Tosylhydrazone  to  Ketone  Conversion  Using  Pyruvic 

— 4 — A 

Acid.  Tosylhydrazone  (10  mol)  was  combined  with  10  mol 

p-cymene  (internal  standard) , 4 ml  of  glacial  acetic  acid, 

1 ml  of  H20,  and  0.5  g of  purified  pyruvic  acid.  The  solu- 
tion was  heated  at  reflux  for  2 hr.  After  cooling  it  was 
extracted  with  ether;  washed  with  H20,  10%  Na2C03,  H20,  and 
dried  over  MgSO^.  Yields  were  typically  ca.  75%. 
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CARBENE  CHEMISTRY 

PART  II.  HYDROGEN  MIGRATION  IN 
2-CARBENA-6 , 6-DIMETHYLNORBORNANE 

INTRODUCTION 

Part  II  of  this  thesis  investigates  the  behavior  of 
2-carbena-6 , 6-dimethylnorbornane . Examining  the  chemistry 
of  this  carbene  could  aid  considerably  our  understanding  of 
non-classical  intermediates  and  the  stereochemistry  of  1,2 
hydrogen  migrations.  This  introduction  provides  the  back- 
ground material  pertinent  to  these  areas  and  consists  of 
three  sections:  (1)  the  possible  existence  of  non-classi- 
cal carbenes,  (2)  theoretical  aspects  of  the  1,2  hydrogen 
migration,  and  (3)  experimental  findings  as  they  relate  to 
the  stereochemistry  of  the  1,2  hydrogen  migration. 

Since  the  hybridization  of  the  carbonium  ion  and  the 
singlet  carbene  are  both  sp2 , delocalization  utilizing  the 
empty  p-orbital  of  the  carbene  analogous  to  delocalization 
in  carbonium  ions  might  be  expected.  Non-classical  deloca- 
lization of  the  carbonium  ion  is  most  widely  accepted  in 
systems  where  there  is  participation  by  either  cyclopropyl 
or  pi  bonds  (55-59)  . Evidence  is  growing  that  this  may  also 
be  true  in  the  case  of  carbenes.  Moss  and  co-workers  (62) 
have  reported  on  the  thermal  decomposition  of  7-norbornenone 
tosylhydrazone  27  which  gives  2J3  (67%)  and  29^  (7%)  as  the 


major  products.  A bishomocyclopropenyl  interaction  is 
advanced  to  account  for  the  formation  of  29  as  shown  in 
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scheme  14 . 


28  29 


Scheme  14 

Intuitively,  it  is  expected  that  a delocalized  (non- 
classical)  carbene  should  be  of  lower  energy  and  thus  more 
selective  in  its  reactions  than  the  non-delocalized  carbene. 
Two  independent  studies  confirm  this.  The  Klumpp  and 
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pi-bond  is  able  to  stabilize  the  carbene  through  the  boat 
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conformation,  making  it  more  selective. 


Strong  evidence  for  carbene  delocalization  by  a cyclo- 
propyl bond  has  been  provided  by  Freeman  and  co-workers 

2 4 

(6  7)  who  considered  the  endo-8-carbenatricyclo  [3 . 2 . 1 . 0 ' ] 
octane  intermediate  3J3.  The  authors  postulated  that  an 
intermolecular  process  involving  the  solvent  and  the  de- 
localized carbene  was  responsible  for  the  insertion  product 
34 . No  1,3  insertion  of  the  initial  carbene  is  observed 
which  contrasts  sharply  with  the  results  of  Moss  and 
Whittle  (68)  in  the  7-carbenanorbornane  system  3S_.  The 
complete  lack  of  an  analogous  insertion  product  in  the  case 


A 


of  21  was  supposedly  the  consequence  of  a longer-lived  car- 
bene  through  cyclopropyl  delocalization. 
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The  1,2  migration  of  hydrogen  in  carbenes  to  generate 
alkenes  is  commonplace  (53) . The  simplest  and  most  studied 
of  all  1,2  migrations  is  that  of  methylcarbene  (ethylidene) 
to  ethylene.  This  reaction  could  take  place  in  a variety 
of  ways  depending  upon  the  electronic  state  of  the  reactant 
carbene  and  the  product  ethylene.  Yates  et  al.  investigated 
several  of  these  possibilities  using  the  principle  of  least 
motion  (PLM)  approach  (46,  50).  Interestingly,  the  pathway 
of  least  energy  is  the  triplet-triplet  conversion.  The 
second  lowest  is  singlet-singlet.  In  both  these  pathways, 
the  CH2  planes  of  the  ethylene  are  perpendicular.  The 
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singlet  carbene  to  ground  state  (planar)  ethylene  is  third 
lowest  in  total  energy. 

A marked  contrast  to  the  PLM  conclusions  is  found  in  a 
non-empirical,  ab  initio  study,  also  by  Yates  (51)  . Sur- 
prisingly, he  reports  that  the  grounds tate  of  methylcarbene 
is  actually  the  singlet,  albeit  by  only  0.3  kcal  mol 
The  reaction  pathway  of  lowest  energy  is  from  the  lowest 
lying  singlet  carbene  to  the  ground  state, planar  ethylene. 
Additionally,  Yates  calculates  the  transition  state  ener- 
gies of  the  syn  and  anti  modes  of  migration.  Thus  the 
migration  of  either  syn  hydrogen  (H^  or  Hg)  results  in  a 
transition  state  20  kcal  mol”~  lower  in  energy  than  that 


ground  state  anti  migration  , syn  migration  , 

singlet  AE*  = 39.2  Kcal  mol”  AE*  = 20.9  Kcal  mol” 

in  anti  (H4)  migration) . The  syn  hydrogens  are  30-35°  from 
being  coplanar  with  the  empty  p-orbital  of  the  carbene 
shown  above . 

A follow-on  report  by  Yates  (47)  elaborates  on  the  syn 
migration.  This  study  employs  a charge  distribution  analy- 
sis and  reveals  that  charge  transfer  is  not  a gradual  pro- 
cess. Charge  transfer  from  the  methyl  to  the  methine 
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carbon  is  nearly  completed  by  the  time  the  transition  state 
is  reached.  The  author  believed  that  such  an  early  charge 
transfer  implied  a pseudo-hydride  migration  in  the  early 
stages  of  the  reaction.  Yates  provided  the  following  sum- 
mary: 

The  simplest  description  of  the  mechanism  of  the 
electronic  rearrangement  is  to  envisage  an  elec- 
tron pair  "following"  a migrating  hydrogen  toward 
the  center  of  the  carbon-carbon  bond  spreading 
its  density  rapidly  about  that  bond  until  it  is 
fully  delocalized  and  thus  becomes  the  new  ethy- 
lenic  it  bond.  After  the  transition  state,  the 
hydrogen  continues  its  motion  as  a pseudo-proton 
toward  the  lone  pair  which,  because  of  its  spa- 
tial environment,  does  not  contribute  to  the  tt 
bond  but  is  utilized  for  the  formation  of  the  new 
C-H  bond  (47) . 

A semi-empirical  study  by  Bodor  and  Dewar  (49)  also 
predicts  a preference  for  syn  migration.  Dewar,  however, 
explains  the  syn  preference  in  terms  of  hypercon jugative 
effects  between  the  C-2-H-5  and  C-2-H-6  orbitals  and  the 
empty  p-orbital  of  the  singlet  carbene.  The  dihedral  angle 


4213  is  173.7*  in  the  reactant  carbene,  rendering  Hg  and  Hg 
slightly  non-equivalent.  The  formal  charges  -0.0356  (H4) , 
-0.0106  (H5) , and  +0.0055  (Hg)  appear  to  support  Dewar's 
claim  for  a hypercon jugative  type  interaction. 


1,2  Hydrogen  migrations  have  also  been  studied  in  the 
cyclohexylidene  36  to  cyclohexene  reaction.  The  issue  of 


preferential  axial  vs.  equatorial  migration  is  presently 
far  from  settled.  Using  the  PLM  approach  Yates  (46)  has 
calculated  the  minimum  energy  pathways  for  both  H (6=60°) 
and  He  (6=180°)  migration.  The  axial  migration  energy 
turns  out  to  be  substantially  lower  and  the  author  indi- 
cated an  "overwhelming  preference"  for  the  axial  (syn) 
migration.  H is  30°  from  coplanarity  with  the  empty  p- 

a 

orbital  while  is  90°. 

e 

Dewar  (49)  has  reached  the  identical  conclusion  on  the 
basis  of  a semi-empirical  MINDO/2  study.  However,  a recent 
report  by  Kyba  (39)  indicated  otherwise.  Using  both  MNDO 
and  MINDO/2,  he  calculated  the  activation  enthalpies  for 
both  migrations.  Both  methods  reveal  that  the  activation 
enthalpies  are  essentially  equal,  the  equatorial  pathway 
being  slightly  less  than  the  axial. 

I 

» The  final  system  for  theoretical  consideration  is  the 

2-norbornyl  system.  The  only  study  on  this  molecule  to 
date  is  one  by  Yates  (46)  using  the  least  motion  technique. 

i 
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For  the  cation,  exo  hydride  migration  is  strongly  favored 

from  a consideration  of  calculated  E . values  as  well  as 

min 

total  atomic  motion,  a conclusion  independently  reached  by 


Schleyer  (66)  . The  carbene  is  much  less  discriminatory 

which  is  what  one  would  intuitively  expect.  From  an  orbital 

overlap  point  of  view,  H„  (exo)  and  H_  (endo)  are  symmetri- 

cally  displaced  about  the  plane  containing  the  two  carbon 

o 

atoms  and  the  filled  sp  orbital  of  the  carbene.  Apparently 
due  to  slight  torsional  interactions,  the  exo  hydrogen  is 
slightly  biased  toward  the  empty  p-orbital  as  Em^n  calcula- 
tions favor  the  exo  migration  by  a very  small  amount. 

Turing  now  to  experimental  results,  the  cyclohexyl  and 
norbornyl  systems  will  be  discussed.  Kyba  and  John  (38) 


have  investigated  the  4-tert-butyl-2 , 2-dimethylcyclohexyli- 
dene  system  and  reported  a surprising  lack  of  stereo- 
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selectivity.  Due  to  the  equatorial  t-butyl  group  it  was 
supposed  that  this  system  was  conformationally  rigid. 
Furthermore,  models  indicate  that  H is  =12°  from  coplana- 
rity  with  the  empty  p-orbital,  while  He  is  =12°  from  co- 
planarity with  the  filled  carbenic  orbital.  Thus  it  ap- 
peared to  be  a good  system  to  test  the  hypotheses  of  Yates 
(46)  and  Dewar  (49)  favoring  the  axial  migration  (coplana- 
rity with  the  empty  orbital)  by  a large  margin.  The  migra- 
tory ratio  is  1.5:1  (axial:equatorial) . Thus  the  predic- 
tions of  Yates  and  Dewar  are  not  realized.  These  findings 
prompted  Kyba's  own  theoretical  study  (39),  the  results  of 
which  are  in  close  agreement  with  his  experimental  results. 

Schecter  and  Seghers  (37)  have  studied  the  decomposi- 
tion of  trans  40  and  cis  41  l-diazo-2-phenyl-5-tert-butyl- 
cyclohexane.  Although  a precise  interpretation  of  the 


Ph 


results  was  unwarranted,  the  authors  felt  an  axial  mode  of 
migration  for  both  hydrogen  and  phenyl  was  clearly  demon- 
strated. Two  groups  have  recently  investigated  1,2  hydro- 
gen migrations  involving  the  norbornyl  skeleton.  The 
brexane  system  £2  has  been  studied  by  Nickon  (65)  . Brexane 
is  biased  in  that  the  additional  two-carbon  bridge  twists 


42a  42b  Hn 


the  exo  and  endo  protons  out  of  the  normal  alignment  42b . 
The  actual  conformation  is  42a  where  the  exo  hydrogen  is 
essentially  coplanar  with  the  empty  p-orbital.  The  predic- 
tions that  such  coplanarity  is  highly  desirable  (41,  47, 

48,  49,  50,  51)  are  nicely  borne  out;  the  migratory  ratio 
Hx/Hn  being  138. 

Kyba  and  Hudson  have  studied  the  behavior  of  what  they 
term  an  "unbiased"  norboryl  system  4_3  (45)  as  shown  below. 

MeO  OSi 


MeO  4 3 


From  the  appropriately  labeled  reactants,  the  migratory 
ratio  Hx/Hn  is  found  to  be  13,  which  is  indicative  of  a 
"substantial  activation  energy  difference,  - E*  = 2.4 

a a 

Real  mol  (45a) . 
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DESIGN,  RESULTS,  DISCUSSION 

From  the  preceding  discussion,  the  existence  of 
numerous  discrepancies  and  inconsistencies  is  plainly  seen. 
Reconciling  these  differences,  however,  is  not  a simple 
task  and  must  necessarily  begin  on  a small  scale.  It 
seemed  to  us  that  insight  could  be  gained,  particularly  in 
the  norbornyl  system,  for  three  reasons.  First,  theoreti- 
cal calculations  were  available.  Secondly,  the  correspond- 
ing carbonium  ion  is  well  understood.  Thirdly,  the  2- 
norbornyl  system  presented  the  opportunity  to  investigate 
a possible  non-classical  carbene  involving  a delocalization. 
In  the  singlet  state,  delocalization  of  the  empty  p-orbital 
with  the  C-l-C-6  a bond  is  analogous  to  the  carbonium  ion 
delocalization  (43,  44).  Since  the  stereospecificity  of 

/db 

44  non-classical 
carbonium  ion 

3,2  hydride  migrations  has  been  a useful  tool  in  charac- 
terizing the  2-nonbornyl  cation  (43,  44),  it  is  reasonable 
that  such  information  would  be  of  value  in  characterizing 
the  bivalent  carbene  as  well. 

Two  problems  arise  even  before  investigation  of  3,2 
hydrogen  migration  in  the  2-carbenanorbornyl  system  actually 


carbene 


begins.  The  first  is  the  competitive  insertion  of  the  car- 
bene  into  the  C-6  C,H  bond.  In  the  case  of  camphor,  this 
2,6  insertion  is  responsible  for  99.5%  of  the  total  product 
(40) . The  second  problem  is  distinguishing  between  the 


99.5%  0.5% 

migration  origin  and  terminus  and  involves  the  tradeoff  be- 
tween a non-biased  system  (i.e.,  simple  and  symmetric)  and 
one  in  which  C-2  and  C-3  protons  are  easily  recognizable 
(i.e.,  necessarily  assymmetric) . 

The  approach  of  this  study  was  to  investigate  the  be- 
havior of  2-carbena-6 , 6-dimethylnorbornane . The  main  rea- 
son for  this  choice  of  substrate  was  that  it  retains  much 
of  the  simplicity  and  symmetry  of  the  parent  norbornane 
system.  Thus  it  resembled  an  unbiased  system  much  more 
closely  than  in  the  system  (.43)  of  Kyba  (45)  discussed  in 
the  previous  section.  Secondarily,  the  synthesis  of  the 
appropriately  labeled  tosylhydrazones  was  straightforward. 
The  synthetic  route  summarized  in  scheme  15  was  carried  out 
by  Hardy  (69)  as  were  the  decompositions. 

The  results  of  Hardy  (69)  are  presented  in  Tables  6 and 
7.  Examination  of  Table  7 reveals  that  the  stereoselecti- 
vity of  the  3,2  hydrogen  migration  is  about  95:5  (19:1) 


Table  7.  Corrected  Product  Compositions  from  the  Decomposition 
of  Tosylhydrazone  Salts  49x,  49n.  ^ 


Salt 

Type 

51c 

51b 

49x 

Pyra 

5.  0 ± 1 

. „ c 
. <£% 

95. 0 ± 2.  0<7c 

49x 

Pyr 

6.  2 ± 1 

. 2 

93.  8 ± 2. 0 

49n 

Pyr 

93.  5 ± 1 

. 6 

6.  5 ± 1.2 

49x 

Photb 

3.  9 ± 1 

.4 

96.  1 ± 2.  7 

49n 

Phot 

94. 5 ± 1 

. 3 

5.  5 ± 0. 4 

Dry  salt  pyrolysis. 

Photolysis  in  THF. 
c 

One  standard  deviation. 

C*F rom  the  Ph.  D.  thesis  of  Thomas  A.  Hardy. 
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ketone  48x  was  carried  through  a similar  sequence  and 
analyzed  by  100  MHz  NMR  using  a EuCfod)^  shift  reagent. 

The  integrations  of  the  exo  and  endo  C- 3 hydrogens  are  shown 
in  Table  9.  Tables  8 and  9 reveal  that  there  is  essentially 

Table  9.  NMR  Integrations3  for  48x  (before*3  and  after0 

confersion  to  tosylhydrazone  and  the  Li  Salt)  .d 


Ketone 

Hydrogen  analyzed 

exo-C-3 

C-l 

endo-C-3 

before 

6.7 

100 

99 

after 

5.5 

100 

97 

aby  cut  and  weight 
bCAT  x 200 
°CAT  x 96 

^with  the  C-l  bridgehead  portion  at  6 10.34,  the  endo  pro- 
ton is  at  6 10.03,  the  exo  proton  is  at  6 10.77. 

no  loss  cf  deuterium  in  the  preparation  of  the  tosylhydra- 
zones  and  the  corresponding  lithium  salts.  Thus  no  epimeri- 
zation  took  place  during  the  synthetic  route  and  the  data 
in  Tables  6 and  7 are  meaningful. 

When  compared  to  the  2-norbornyl  cation,  the  carbene's 
stereoselectivity  (19:1)  is  very  low  indeed.  Both  Berson 
(43)  and  Collins  (44)  have  studied  the  cation  in  great  de- 
tail and  report  a stereoselectivity  of  greater  than  100:1 
in  favor  of  exo  migration.  Collins  has  investigated  the 
acid  catalyzed  pinacol  rearrangement  of  2-arylnorbornan-exo- 
cis-2 , 3-diols  52  to  endo- 3-ary 1-2-norbornanones  53  using 
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extensively  labeled  compounds.  His  analysis  reveals  that 
>98%  of  the  hydride  (H^)  migration  takes  places  via  an  exo 
pathway  and  further  attributes  this  high  selectivity  to  the 
formation  of  a non-classical  carbonium  ion  (scheme  16) . 


Scheme  16 


If  the  2-norbornyl  carbene  is  non-classical,  the  exo: 
endo  ratio  would  be  expected  to  be  similar  to  that  of  the 
carbonium  ion  since  delocalization  from  the  C-l-C-6  bond 
must  necessarily  block  the  endo  pathway,  but  permitting  the 
exo  migration.  Our  observation  of  5 or  6 percent  endo 
migration  argues  quite  strongly  against  any  o delocaliza- 
tion. Thus  if  one  assumes  a single  product  determining 
intermediate,  carbene  S4  is  classical  in  the  usual  sense  of 
the  word.  It  has  been  assumed  that  the  carbenes  resulting 
from  either  thermal  or  photolytic  decomposition  in  this 
study  are  of  the  same  electronic  state,  namely  the  lowest 
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lying  singlet.  The  basis  for  this  belief  is  the  fact  that 
both  methods  of  decomposition  gave  the  same  product  ratios 
(within  experimental  error)  and  previously  reported  results 
(71)  show  that  triplet  carbenes  do  not  undergo  hydrogen 
migration  reactions. 

Alternative  proposals  to  account  for  the  high  selecti- 
vity of  the  cation  have  been  proposed  by  H.  C.  Brown  (61d) 


and  P.  v.  R.  Schleyer  (66).  Brown  contends  that  it  is  not 
a case  of  favored  exo  migration,  but  one  of  hindered  endo 
migration.  Steric  interactions  from  C-5  and  C-6  supposedly 
do  not  permit  a facile  endo  shift.  Schleyer' s approach  is 
quite  different.  He  has  examined  the  geometry  for  the  exo 
and  endo  hydride  migrations  and  points  out  that  in  the  exo 
migration  there  is  minimal  non-bonded  interaction  in  the 
vicinities  of  C-l-C-2  and  C-3-C-4.  However,  for  the  endo 
migration,  non-bonded  interaction  is  significant  due  to 
eclipsing  of  the  bridgehead  hydrogens  with  atoms  attached 
to  C-2  and  C-3.  If  the  usual  3 Real  mol-*  is  assumed  for 
the  barrier  to  C-C  rotation,  the  endo  migration  transition 
state  could  be  up  to  6 Real  mol-*  less  stable  than  that  for 
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the  exo  migration.  This  alone  could  easily  account  for  the 
100:1  selectivity  observed. 

The  torsional  interactions  in  2-carbenanorbornane 
would  be  expected  to  be  considerably  less  than  for  the 
cation,  especially  in  view  of  the  fact  that  the  kinetic 
isotope  effect  is  essentially  one,  suggesting  that  hydrogen 
bridging  is  not  well  developed  in  the  transition  state. 

Thus  it  would  appear  that  small  differences  in  the  tor- 
sional interactions  of  the  exo  and  endo  transition  states 
best  account  for  the  19:1  selectivity  observed. 


EXPERIMENTAL 


Melting  points  were  obtained  using  either  a Buchi 
melting  point  apparatus  or  a Mel-Temp  device  and  are  uncor- 
rected. Boiling  points  are  also  uncorrected.  NMR  spectra 
were  recorded  at  100  MHz  with  a Varian  HA-100  or  at  60  MHz 
with  a Varian  Anaspec  EM-360.  Infrared  spectra  were  ob- 
tained with  either  a Beckman  IR-8  or  a Perkin-Elmer  Model 
621.  Vapor-phase  chromatographic  analyses  were  carried  out 
using  an  F and  M Model  7C0  Chromatograph  equipped  with  dual 
columns  and  thermal  conductivity  detectors.  The  following 
columns  were  used:  (1)  10  ft.  x 0.25  in.  aluminum  contain- 
ing 10%  Carbowax  20M  on  Anakrom  70-80  ABS;  (2)  8 ft.  x 0.25 
in.  aluminum  containing  5%  OV-17  on  60-80  Chromosorb  G; 

(3)  9 ft.  x 0.25  in.  aluminum  10%  Carbowax  20M  and  1%  XF- 
1150  on  Anakrom  70-80  ABS;  (4)  18  ft  x 0.125  in.  stainless 
steel  10%  UCW-98  on  80-100  Diatoport  S.  Product  ratios  and 
percentage  yields  calculated  from  chromatographic  data  are 
based  on  relative  peak  areas  measured  by  a Hewlett-Packard 
3373B  Integrator.  p-Cymene  was  the  internal  standard. 
Deuterium  analyses  were  accomplished  by  a low-voltage,  mass 
spectral  technique  (fully  described  in  Appendix  B)  using  a 
Varian  MAT  CH-7  spectrometer,  interfaced  with  a pdp/8  com- 
puter. NMR  chemical  shift  studies  were  carried  out  with 
Eu ( fod) 2 supplied  by  Norell  Chemical  Co.,  Inc. 


46 . The  procedure  of  Donaldson  (70)  was  used  with  only 
minor  modifications.  Sublimation  of  the  resulting  product 
(20  Torr,  pot  temperature  70°C)  yielded  the  title  compound 
in  75%  yield;  NMR  (CCl^,  100  MHz)  6 3.10  (doublet  of  doub- 
lets, J = 3.5,  0.7  Hz,  1 H,  C-3  proton),  2.96  (doublet  of 
doublets,  J = 3.5,  0.7  Hz,  1 H,  C-2  proton),  2.34  (unre- 
solved,! H bridgehead  C-l  proton),  1.90  (broadened  singlet, 

1 H,  bridgehead  C-4  proton),  1.34  (broadened  doublet,  J = 

4 Hz,  1 H,  exo-C-6  proton),  1.22  (broadened  doublet,  J = 4 
Hz,  1 H,  endo-C-6  proton),  1.15  to  0.80  (complex  signals 
including  two  singlets  for  the  two  methyl  groups  on  C-5  at 
6 1.05  and  1.02,  8 H) . 

Preparation  of  6 , 6-Dimethylnorbornan-2-ol . The  proce- 
dure of  Donaldson  (70)  was  used.  Purification  by  prepara- 
tive VPC  yielded  NMR  (CC14,  100  MHz):  6 4.07  (doublet,  J = 

6 Hz,  1 H,  proton  a to  hydroxyl),  2.20  (multiplet,  1 H, 
proton  on  C-4),  1.68  (singlet,  1 H,  C-l  bridgehead  proton), 
1.63  to  0.73  (complex  series  of  absorptions  including  methyl 
singlets  at  6 1.00  and  0.97,  12  H)  . 

Preparation  of  endo-3-Deuterio-6 , 6-dimethylnorbornan- 
2-ol  47a.  The  reaction  was  run  as  described  (70)  except 
that  3 equivalents  of  lithium  aluminum  deuteride  (99.5%  d) 
was  heated  at  reflux  with  £6  for  3 days.  After  workup,  VPC 
analysis  on  column  1 showed  the  product  to  consist  of  a mix- 
ture of  alcohol  and  epoxide  in  a ratio  of  70:30. 
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Analysis  of  the  extent  of  deuteration  was  carried  out 
by  treating  alcohol  47a  (0.23  g,  0.0016  mol)  with  1 mL  of 
Me2SO  and  0.4  mL  of  Trisil  (Pierce  Chemical  Co.).  The  mix- 
ture was  shaken  for  5-10  min  and  left  undisturbed  over- 
night. The  organic  layer  was  separated  and  the  Me2SO  layer 
was  extracted  once  with  hexane.  The  organics  were  combined 
and  washed  once  with  H20,  then  dried  over  CaC^.  The  tri- 
methylsiloxynorbornane  derivative  was  purified  by  prepara- 
tive VPC  (column  2) . Low  voltage  mass  spectrum  showed  %d^ 
as  97.8  + 0.1%.  There  was  no  d2* 

Preparation  of  6 , 6-Dimethylnorbornan-2-one  48a.  6,6- 

Dimethylnorbornan-2-ol  was  oxidized  by  the  procedure  of 
Donaldson  (70).  Distillation  of  the  title  ketone  (bp  80- 
83°C,  18  Torr;  lit,  bp  74-75°C,  12  Torr)  yielded  51.5% 
(calculated  from  epoxide  4_6 ) ; NMR  (CCI4,  100  MHz);  6 2.75 
(unresolved,  1 H,  bridgehead  proton  at  C-4) , 2.02  (slightly 
broadened  singlet,  C-l  bridgehead),  1.97-0.80  (complex 
absorptions  including  methyl  singlets  at  6 1.07  and  0.96, 

12  H)  . 

Oxidation  of  endo-3-Deuterio-exo-6 , 6-Dimethylnorbornan- 
2-ol . The  crude  mixture  of  47a  and  £<5  was  treated  with 
chromic  acid  in  acetone  as  described  (70)  . Distillation 
yielded  48n. 

Deuteration  of  6 , 6-Dimethylnorbornan-2-one . The  title 
ketone  (1.0  g)  was  dissolved  in  25  mL  of  methanol-O-d  (99% 
d^)  with  a catalytic  amount  of  sodium  methoxide  and  stirred 
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for  2 hr.  at  room  temperature.  After  quenching  with  D2O 
and  dilution  with  water,  the  solution  was  extracted  with 
pentane.  The  pentane  was  washed  with  water  and  brine  and 
dried  over  sodium  sulfate.  After  removal  of  most  of  the 
pentane  by  distillation,  the  ketone  was  used  without  further 
purification  for  the  preparation  of  tosylhydrazone. 

Samples  for  spectral  analysis  were  separated  using  VPC 
column  3.  The  extent  of  deuteration  at  the  exo  and  endo 
C-3  position  was  determined  by  NMR  aided  by  a lanthanide 
induced  shift.  EuCfod)^  was  added  until  the  difference  be- 
tween the  exo , endo , and  bridgehead  positions  became  large 
enough  to  permit  accurate  determination  of  the  relative 
areas.  The  bridgehead  hydrogen  (C-l)  was  used  as  the  stan- 
dard. When  the  bridgehead  hydrogen  was  6 10.34,  the  exo -3 
and  endo- 3 protons  absorbed  at  6 10.77  and  10.03,  respec- 
tively . 

Preparation  of  6 , 6-Dimethyl-2-norbornanone  p-Toluene- 
sulfonylhydrazone . A mixture  of  4.5  g (0.033  mol)  of  6,6- 
dimethylnorbornan-2-one  and  6.2  g (0.033  mol)  of  tosylhydra- 
zine  in  35  mL  of  95%  ethanol  with  2 drops  of  concentrated 
hydrochloric  acid  was  heated  at  reflux  for  3 hr.  Several 
milliliters  of  water  was  added,  and  the  solution  was  cooled 
to  room  temperature,  then  placed  in  a refrigerator,  yield- 
ing 5.1  g (0.017  mol),  51%,  mp  150-154°C.  Recrystalliza- 
tion from  ethanol  yielded  mp  157.5-159#C;  IR  (0.1  mm,  CHCl^) i 
3200  cm-1  (m,  N-H  stretching) , 1662  (m,  C=N  stretching) , 


57 


1598  (m,  aromatic  C=C  stretching),  and  1170  (s,  SC^-N 
stretching);  NMR  (100  MHz  CDC13) : 6 7.89  (singlet,  1 H, 

N-H) , 5 7.84  and  7.26  (each  a doublet,  2 H each,  aromatic 
protons),  5 2.38  (singlet,  3 H,  aromatic  methyl),  6 2.34 
(multiplet,  2 H,  C-l  and  C-4  bridgehead  protons),  6 2.2  to 
1.2  (complex  signals,  5 H) , 6 0.96  (1  H,  buried  under 
methyl),  6 0.96  and  0.56  (singlets,  3 H each,  methyls  on 
C-6)  . 

Preparation  of  endo-3-Deuterio-6 , 6-dimethylnorbornan- 
2-one  Tosylhydrazone . This  preparation  was  carried  out  in 
a manner  identical  with  that  described  above  for  the  un- 
deuterated  tosylhydrazone . Recrystallization  from  methanol 
gave  mp  156-158°C. 

Preparation  of  exo-3-Deuterio-6 , 6-dimethylnorbornan- 
2-one  Tosylhydrazone.  The  exo-deuterated  ketone  (about  1 g, 
0.08  mol)  was  placed  in  10  mL  of  methanol-O-d  (99%  d-^)  with 
1.5  g (0.08  mol)  of  tosylhydrazine  (previously  recrystal- 
lized from  methanol-O-d)  and  a drop  of  DC1  in  D2O.  The 
solution  was  heated  at  reflux  for  3 hr.;  D2O  was  added,  and 
the  solution  was  allowed  to  cool  to  room  temperature,  then 
placed  in  a refrigerator.  The  crystalline  product  was  re- 
crystallized from  methanol-0-d/D20  yielding  purified 
tosylhydrazone  with  mp  156-158 8 . 


1 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 


58 


BIBLIOGRAPHY 

R.  H.  Shapiro,  J.  H.  Duncan,  and  J.  C.  Clopton,  J . Am. 
Chem.  Soc . , 89 , 471  (1967)  . 

R.  H.  Shapiro  and  J.  H.  Duncan,  ibid.,  ^9,  1442  (1967). 

R.  H.  Shapiro  and  M.  J.  Heath,  ibid . , 89 , 5734  (1967) . 

H.  Shecter  and  L.  Friedman,  ibid. , 87 , 659  (1965). 

K.  B.  Wiberg  and  J.  M.  Lavanish,  ibid.,  8j^,  365  (1966). 

R.  H.  Shapiro,  M.  F.  Lipton,  K.  J.  Lolonko,  R.  L.  Bus- 
well,  and  L.  A.  Capuano,  Tetrahedron  Lett.,  1811  (1975). 

R.  H.  Shapiro,  ibid . , 3401  (1966). 

J.  W.  Powell  and  M.  C.  Whiting,  Tetrahedron,  7,  305 
(1959)  . 

R.  H.  Shapiro  and  T.  Gadek,  J.  Org . Chem.,  39,  3418 
(1974)  . 

R.  H.  Shapiro  and  E.  C.  Hornaman,  ibid.,  39_,  2302  (1974) 

P.  C.  Traas,  H.  Boelens,  and  H.  J.  Takkan,  Tetrahedron 
Lett. , 2287  (1976) . 

E.  Vedejs  and  W.  T.  Stolle,  ibid . , 135  (1977). 

G.  Rosini  and  G.  Baccolini,  J.  Org.  Chem.,  39,  826 
(1974)  . 

R.  E.  Erickson,  P.  J.  Andrulis,  J.  C.  Collins,  M.  L. 
Lungle,  G.  D.  Mercer,  ibid.,  34_,  2961  (1969). 

J.  E.  McMurry  and  M.  Silvestri,  ibid.,  40.,  1502  (1975). 

T.  L.  Ho  and  C'.  M.  Wong,  ibid . , 39  , 3453  (1974). 

G.  Rosini,  ibid. , 39,  3504  (1974). 

S.  R.  Maynez,  L.  Pelavin,  and  G.  Erker,  ibid.,  40,  3302 
(1975)  . 


19.  C.  E.  Sachs  and  P.  L.  Fuchs,  Synthesis , 456  (1976). 

20.  T.  L.  Ho  and  G.  A.  Olah,  ibid. , 611  (1976). 


59 


1 


21.  E.  B.  Hershberg,  J.  Org.  Chem. , 13 , 542  (1948). 

22.  G.  Rosini  and  G.  Baccolini,  Synthesis , 44  (1975). 

23.  S.  Cacchi,  L.  Cagliotti,  and  G.  Paolucci,  ibid.,  120 
(1975)  . 

24.  S.  Cacchi,  F.  La  Torre,  and  D.  Misiti,  ibid.,  301 
(1977)  . 

25.  G.  W.  Kabalka,  D.  T.  C.  Yang,  J.  H.  Chandler,  J.  D. 
Baker,  Jr.,  ibid.,  124  (1977). 


26.  E.  J.  Taylor  and  C.  Djerassi,  J.  Am.  Chem.  Soc. , 98, 
2275  (1976)  . 

27.  L.  Cagliotti,  Tetrahedron , 22 , 487  (1966). 

28.  R.  O.  Hutchins,  C.  A.  Milewski,  and  B.  E.  Marganoff, 

J . Am.  Chem.  Soc . , 95 , 3662  (1973). 

29.  G.  W.  Kabalka,  D.  T.  C.  Yang,  J.  D.  Baker,  Jr.,  J.  Org. 
Chem. , 41,  574  (1976) . 


30.  Jerry  March,  Advanced  Organic  Chemistry:  Reactions, 
Mechanisms,  and  Structure.  McGraw-Hill  Book  Company, 
New  York,  N.Y.,  1968,  p.  137,  263,  357,  537. 

31.  H.  O.  House,  Modern  Synthetic  Reactions.  Second  Edi- 
tion, W.  A.  Benjamin,  Inc.,  Menlo  Park,  California, 
1972,  p.  493. 

32.  P.  K.  Freeman,  R.  B.  Kinnel,  and  T.  D.  Ziebarth,  Tetra- 
hedron Lett.,  1059  (1970). 


33.  Robert  H.  Silverstein,  and  G.  Clayton  Bassler, 
Spectrometric  Identification  of  Organic  Compounds. 

Second  Edition,  John  Wiley  and  Sons,  New  York,  London , 
Sydney,  1967,  p.  11. 

34.  A.  Streitwieser , L.  Verbet,  and  P.  Stang,  J , Org . Chem. , 
29,  3706  (1964)  . 

35.  (a)  G.  A.  Abad,  S.  P.  Jindal,  and  T.  T.  Tidwell,  J . Am. 

Chem.  Soc. , 95,  6326  (1973):  (b)  S.  P.  Jindal  and  T.  T. 
Tidwell,  Tetrahedron  Lett. , 783  (1971);  (c)  S.  P. 

Jindal,  S~  S.  Sohoni,  and  T.  T.  Tidwell,  ibid.  , 779 
(1971);  (d)  T.  T.  Tidwell,  J.  Am.  Chem.  Soc.  , 9j2,  1448 

(1970);  (e)  S.  Banerjee  and  N.  H.  Werstiuk,  Can.  J. 
Chem.,  53,  1099  (1975);  (f)  S.  Banerjee  and  N.  H. 
Werstiuk,  ibid. , 54,  678  (1976). 


60 


36.  (a)  A.  F.  Thomas,  R.  A.  Schneider,  and  J.  Meinwald, 

J . Am.  Chem.  Soc. , 89,  68  (1967);  (b)  A.  F.  Thomas  and 
B.  Willhalm,  Tetrahedron  Lett.,  1309  (1965). 

37.  H.  Shecter  and  L.  Seghers,  ibid.,  1943  (1976). 

38.  E.  P.  Kyba  and  A.  M.  Meredith,  J.  Am.  Chem.  Soc.,  99, 

8329  (1977)  . 

39.  E.  P.  Kyba,  ibid. , 99,  8330  (1977). 

40.  P.  K.  Freeman,  D.  E.  George,  V.  N.  M.  Rao,  J.  Org. 

Chem. , 29,  1682  (1964)  . 

41.  H.  E.  Zimmerman,  Acc.  Chem.  Res.,  5_,  393  (1972). 

42.  J.  W.  Powell  and  M.  C.  Whiting,  Tetrahedron,  12,  168, 

(1961)  . 

43.  J.  A.  Berson,  J.  H.  Hammons,  A.  W.  McRowe,  R.  G.  Berg- 
man, A.  Remanick,  and  D.  Houston,  J . Am.  Chem.  Soc . , 

89.,  2590  (1967).  ' 

44.  C.  J.  Collins,  Z.  H.  Cheema,  R.  G.  Werth,  and  B.  M. 
Benjamin,  ibid. , 86,  4913  (1964). 

45.  (a)  E.  P.  Kyba  and  C.  W.  Hudson,  ibid . , 98 , 5696  (1976); 
(b)  E.  P.  Kyba  and  C.  W.  Hudson,  J.  Org.  Chem.,  42, 

(1935  (1977). 

46.  J.  A.  Altmann,  0.  S.  Tee,  and  K.  Yates,  J.  Am.  Chem. 

Soc. , 98,  7132  (1976)  . 


47.  J.  A.  Altmann,  I.  G.  Csizmadia,  and  K.  Yates,  ibid., 

97,  5217  (1975)  . 

48.  R.  Hoffmann,  G.  D.  Zeiss,  and  G.  W.  VanDine , ibid. , 90 , 
1485  (1968). 

49.  M.  J.  S.  Dewer  and  N.  Bodor,  ibid . , 94 , 9103  (1972). 

50.  K.  Yates  and  0.  S.  Tee,  ibid.  , 9_4  , 3074  (1972). 

51.  J.  A.  Altmann,  I.  G.  Csizmadia,  and  K.  Yates,  ibid., 

96,  4196  (1974) . 

52.  T.  L.  Gilchrist,  and  C.  W.  Rees,  Carbenes,  Nitrenes, 
and  Arynes . Appleton-Century-Crof ts , New  York,  N.Y., 
1961 , Chapter  1 . 


53.  W.  Kirmse,  Carbene  Chemistry.  Academic  Press,  New 
York,  London"  l^l.  Chapters  1-5. 


61 


r 


54.  R.  W.  Alder,  R.  Baker,  J.  M.  Brown,  Mechanism  in 
Organic  Chemistry.  Wiley  Interscience,  London,  et  al . , 
VTTT,  Chapter  2. 

55.  S.  Winstein,  J.  Sonnenberg,  and  L.  deVries,  J.  Am.  Chem. 
So c. , 81,  6523  (1959) . 

56.  (a)  S.  Winstein,  M.  Shatavsky,  C.  Norton,  and  R.  B. 

Woodward,  ibid.,  11_,  4183  (1955);  (b)  S.  Winstein  and 
M.  Shatavsky,  ibid. , 78 , 592  (1956);  (c)  S.  Winstein, 

A.  H.  Lewing,  and  K.  C.  Pande,  ibid. , 85 , 2324  (1963). 

57.  (a)  H.  Tanida,  Acc.  Chem.  Res.,  1,  239  (1968);  (b)  M.  A. 

Battiste,  C.  L.  Deyrup,  R.  E.  Pincock,  J.  Haywood- 
Farmer,  J.  Am.  Chem.  Soc. , 8£,  1954  (1967) ; (c) 

H.  Tanida,  T.  Tsuji,  and  T.  Irie,  ibid. , 89 , 1953  (1963); 
(d)  R.  E.  Pincock  and  J.  Haywood-Farmer , Ibid. , 91,  3026 
(1969)  . 

58.  (a)  R.  M.  Coates,  J.  L.  Kirkpatrick,  ibid. , 90,  4162 
(1968);  (b)  R.  M.  Coates,  J.  L.  Kirkpatrick , ibid.,  92, 
(1970)  . 

59.  T.  R.  Nevell,  E.  deSalas,  and  C.  L.  Wilson,  J.  Chem. 

Soc. , 118  (1939) . 

60.  S.  Winstein  and  D.  Trifan,  J.  Am.  Chem.  Soc.,  74,  1147 
(1952)  . 

61.  (a)  H.  C.  Brown,  Chem.  Eng.  News,  45 , No.  7,  86  (1967); 
(b)  H.  C.  Brown,  "The  Transition  State,"  Chem.  Soc. 
Special  Publication,  1962,  No.  16,  pp.  140-158 , 174- 
1/8;  Tc]  Hi  C~.  Brown , I.  Rothberg,  P.  v.  R.  Schleyer, 

M.  M.  Donaldson,  J.  J.  Harper,  Proc . Nat.  Acad.  Sci. 

U.S.,  56,  1653  (1966);  (d)  H.  C.  Brown,  Chem.  Brit., 

IW  (19T6)  . 

62.  R.  A.  Moss,  U-H.  Dolling,  J.  R.  Whittle,  Tetrahedron 
Lett. , 931  (1971) . 

63.  P.  K.  Freeman,  R.  S.  Raghavan,  and  D.  G.  Kuper,  J.  Am. 
Chem.  Soc.,  92,  5288  (1971). 

64.  G.  W.  Klumpp  and  J.  J.  Vrielink,  Tetrahedron  Lett.,  539 
(1972)  . 

65.  A.  Nickon,  F.  Huang,  R.  Weglein,  K.  Matsuo,  and  H.  Yagi, 
J.  Am.  Chem.  Soc.,  96.'  5264  (1974). 

66.  P.  v.  R.  Schleyer,  J.  Am.  Chem.  Soc.,  89,  699  (1967). 


62 


— 


67.  P.  K.  Freeman,  T.  A.  Hardy,  R.  S.  Raghavan,  and  D.  G. 
Kuper,  J.  Org.  Chem. , 42 , 3882  (1977). 

68.  R.  A.  Moss  and  J.  R.  Whittle,  J.  Chem.  Soc . , Chem. 

Commun . , 341  (1969)  . ~ """ 

69.  Doctoral  thesis  of  Thomas  A.  Hardy,  Oregon  State 
University,  1973. 

70.  P.  v.  R.  Schleyer,  M.  M.  Donaldson,  and  W.  E.  Watts, 

J.  Am,  Chem.  Soc.,  87 , 375  (1965);  M.  M.  Donaldson, 
Ph.D.  Thesis,  Princeton  University,  1960. 

71.  (a)  M.  Jones,  Jr.,  and  M.  Sohn,  J.  Am.  Chem.  Soc.,  94, 

8280  (1972);  (b)  I.  Moritani,  Y.  Yamamoto,  and  S-I . 

Murahashi,  Tetrahedron  Lett.,  5698  (1968). 


APPENDIX  A 


Illustrative  Ketone  Mass  Spectral  Data 

Camphor  standard  (MW  152) 
TICa  = 47,000  eV  = 20 


Scan  No. 

Peak  Intensity  (Uncorrected) 

152 

133 

T5T 

1 

100 

10.99 

.87 

2 

100 

11.79 

.39 

3 

100 

11.32 

.52 

4 

100 

11.02 

.54 

5 

100 

11.79 

. 34 

6 

100 

10.72 

.47 

7 

100 

10.75 

.66 

8 

100 

11.11 

.56 

9 

100 

11.36 

.58 

10 

100 

10.75 

.66 

aTotal  Ion  Current 


Appendix  A (continued) 
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0 

Product  from 
^ cleavage 

TIC  = 49,000 

I 

the  pyruvic  acid 

eV  = 20 

Peak  Intensity  (Uncorrected) 

Scan  No. 

153 

154 

155 

1 

100 

60.73 

13.01 

.58 

2 

100 

62.50 

14.01 

.71 

3 

100 

62.47 

11.96 

.92 

4 

100 

60.88 

13.11 

.73 

5 

100 

60.03 

12.19 

.95 

6 

100 

62.18 

11.53 

.58 

7 

100 

65.00 

12.84 

.73 

8 

100 

67.81 

13.62 

.86 

9 

100 

63.74 

12.40 

.70 

10 

100 

67.48 

13.20 

.44 

11 

100 

62.51 

13.68 

.68 

i 1 
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APPENDIX  B 

Low  Voltage  Mass  Spectroscopy:  A Brief  Summary 
of  Technique  and  Sample  Calculation 
of  % Deuterium 

The  first  step  in  any  determination  of  deuterium  in- 
corporation is  to  run  an  unlabeled  standard.  This  serves 
two  functions:  (1)  one  uses  it  to  empirically  determine 
the  optimum  electron  voltage  at  which  the  molecular  ion 
peak  can  be  measured  accurately  while  reducing  the  P-1,  P-2, 
....  peaks  to  zero  intensity.  (Peaks  at  P-1,  P-2  ...  are 
due  to  fragmentation  of  one  or  more  hydrogon  atoms  from  the 
molecular  ion.)  This  fragmentation  cannot  be  tolerated  be- 
cause when  the  deuterated  compound  is  tested,  it  is  not 
known  whether  H or  D is  being  lost.  Any  analysis  at  that 
point  is  meaningless;  (2)  the  standard  is  also  used  to 
determine  the  naturally  occurring  abundance  of  elemental 

isotopes  such  as  C13,  N33,  03®,  or  Cl3^.  Naturally 
2 

occurring  H is  considered  negligible  (0.015%).  It  becomes 

apparent  why  the  abundance  of  natural  isotopes  needs  to  be 

known  when  one  considers  that  molecules  containing  C , for 

example,  would  show  the  same  molecular  ion  peak  as  another 

13 

molecule  containing  no  C but  one  deuterium  atom.  Thus, 
neglect  of  naturally  occurring  isotopes  leads  to  erroneous 
conclusions  concerning  the  actual  deuterium  content  of  a 
molecule . 


After  ten  to  twenty  scans  have  been  accomplished  on 
the  standard,  the  ionization  chamber  is  evacuated  and  the 
deuterated  substrate  is  then  admitted.  The  chamber  should 
be  flushed  with  the  deuterated  material  two  or  three  times 
to  insure  that  no  traces  of  the  standard  remain.  The  mole- 
cular ion  region  of  the  deuterated  compound  is  then  scanned 
ten  to  twenty  times  at  the  same  operating  conditions  (elec- 
tron voltage  and  total  ion  current)  as  the  standard. 

At  this  point,  the  tedium  begins.  If  the  output  of 
the  mass  spectrometer  is  to  a stripchart  recorder,  all  the 
peak  heights  must  be  measured  and  tabulated.  In  cases 
where  the  mass  spec  is  interfaced  with  a computer,  the  peak 
intensities  are  usually  already  available  in  digital  format. 

The  preliminary  calculations  that  are  necessary  are 
P+1  P+2 

— and  — . For  the  standard  in  Appendix  A,  scan  1, 

10  99  0 87 

these  are  and  respectively.  These  two  values 

are  calculated  for  each  scan  and  then  averaged.  For  the 

, . P+1  P+2 

case  in  point,  Ave  — = 0.1116  and  Ave  — = 0.0056. 

The  deuterated  sample  may  then  be  analyzed.  (Refer  to 

Appendix  A,  Part  Two  for  a Tabulation  of  uncorrected  peak 

intensities . ) 

It  is  assumed  (since  we  eliminated  the  P-1  peaks)  that 

the  peak  at  mass  152  is  due  entirely  to  the  undeuterated 

molecule.  The  peak  at  mass  153,  however,  comes  from  two 

12  13 

sources:  (1)  all  C + one  D;  and  (2)  one  C + no  D.  To 
get  the  contribution  of  the  latter  to  the  mass  peak  153, 
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the  parent  peak  (152)  is  multiplied  by  — . This  con- 
tribution is  then  subtracted  from  the  P+1  intensity  (mass 
153)  to  obtain  the  true  amount  of  camphor-d^: 

(100) (.1116)  = 11.16  60.73  - 11.16  = 49.57 

The  peak  at  mass  154,  comes  primarily  from  three 
18  12 

sources  (neglecting  0 ) : (1)  all  C + two  D;  (2)  one 

13  13 

C + one  D;  and  (3)  two  C and  no  D.  To  uncover  the 
actual  amount  of  camphor-d2  the  following  corrections  need 
to  be  made. 

(100) (.0056)  = .56  (49.57) ( .1116)  = 5.53 

.56  + 5.53  = 6.09 
13.01  - 6.09  = 6.92  = camphor-d2 

The  peak  at  mass  155  is  the  result  of  a P+1  (mass  154)  and 
P+2  (153)  and  was  thus  not  considered.  The  above  calcula- 
tions are  applied  to  each  scan's  data  to  obtain  the  cor- 
rected P+1  and  P+2.  Percent  dg , d^,  d2  are  simply  found  by 
dividing  the  particular  corrected  peak  intensity  by  the  sum 
of  the  corrected  peak  intensities: 

% d0  = 100  + 4giL.°507  + 6.92  x 10 2 = 63*9 


a j 49  • 57  M i ^2  o i n 

% di  - 15674?  x 10  31*7 


* d2  - 15*71?*  102  - 4-42 
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Percent  d0 , d^,  d2  are  found  for  each  scan.  The  mean  and 
standard  deviation  may  then  be  calculated.  Programs  for 
the  HP-55  are  found  in  Appendix  C which  will  apply  the 
above  algorithm. 


69 


70 


Appendix 

Program 
Step  1. 
Step  2. 


Step  3. 

Step  4. 


C (continued) 

#2 . Calculation  of  %dg,  d-^ , d2 
Enter  program 
Enter  constants 


STO,  0 
STO,  1 


P+1 

P 

P+2 


Enter  data  points  (peak  intensities) 

P+2,  + , P+1,  + , P,  R/S 
Calculate  averages  and  standard  deviation 


f,  X 

to 

get 

ave  % 

dl 

' — w 

to 

get 

ave  % 

d2 

<3,  s 

to 

get 

o for 

% d 

to 

get 

o for 

% d 

RCL, 

5,  STO,  . 

, 1, 

RCL, 

4,  STO,  . 

, 2, 

f,  X 

to 

get 

ave  % 

d0 

g 

to 

get 

a for 

% d 

Appendix  C (continued) 
The  Program: 
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1 


Line 

Code 

Key  Entry 

Line 

Code 

Key  Entry 

1 

33 

STO 

26 

61 

+ 

2 

09 

9 

27 

81 

4 

3 

34 

RCL 

28 

34 

RCL 

4 

00 

0 

29 

08 

8 

5 

71 

X 

30 

31 

f 

6 

51 

- 

31 

34 

LST  X 

7 

33 

STO 

32 

81 

4 

8 

08 

8 

33 

34 

RCL 

9 

34 

RCL 

34 

09 

9 

10 

00 

0 

35 

31 

f 

11 

71 

X 

36 

34 

LST  X 

12 

34 

RCL 

37 

81 

4 

13 

01 

1 

38 

33 

STO 

14 

34 

RCL 

39 

61 

+ 

15 

09 

9 

40 

05 

5 

16 

71 

x 

41 

32 

g 

17 

61 

+ 

42 

42 

x2 

18 

51 

- 

43 

33 

STO 

19 

41 

t 

44 

51 

+ 

20 

41 

t 

45 

04 

4 

21 

34 

RCL 

46 

23 

4 

22 

08 

8 

47 

11 

E + 

23 

61 

+ 

48 

-00 

GTO 

24 

34 

RCL 

49 

00 

25 

09 

9 
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APPENDIX  D 

Sample  Calculations  of  k„/k„  and  H /H 

n JJ  x n 

In  Appendix  B,  a low  voltage  mass  spectral  technique 
was  described,  and  some  of  the  inherent  problems  (naturally 
occurring  isotopes)  were  pointed  out.  In  this  section  the 
percentages  of  the  deuterated  compounds  will  be  coupled  with 
H%MR  data  to  produce  the  actual  migratory  and  kinetic  iso- 
tope ratios. 

The  starting  point  is  the  photolysis  of  49n  (Part  II, 
Table  6) . The  spectral  findings  are  summarized  below  along 
with  the  reaction  equation.  The  product  mixture  contains  x 


Salt  dQ  d1  d2  C-2  C-3 

49n  5.210.2%  94.8+0.2  0.0  .104+0.030  .947±0.039 


x moles  y moles  z moles 


moles  endo  migration  product,  y moles  exo  migration  product, 
and  z moles  of  the  dg  alkene  resulting  from  a d^  contaminant 
in  49n . From  the  mass  spectral  data  it  is  known  that  x+y 
comprise  94.8%  of  the  total  and  z has  5.2%.  The  protons  at 
C-2  are  from  x+z.  C-3  results  from  y+z.  The  total  proton 
equation  is,  therefore: 
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x+z  = 

.104 

y+z  = 

.947 

x+y+2z  = 1.051 


It  is  readily  apparent  that  z makes  an  equal  contribution 
to  both  C-2  and  C-3.  Intuitively,  the  correction  is  simple: 
subtract  the  percent  of  z from  the  C-2  and  C-3  values  to 
get  the  actual  contributions  from  x and  y. 

x = .104  - .052  = .052 
y = .947  - .052  = .895 

OQ  C O 

% exo  migration  = + Q-g-^)  10  = 94.5 

migratory  ratio  = 17.2 

The  above  approach  no  longer  holds  when  the  product  mixture 
contains  d2  molecules.  In  this  case  a more  rigorous  solu- 
tion is  required.  Line  1 of  Table  6,  the  dry  salt  pyroly- 
sis of  49x,  will  serve  as  an  illustration.  Molecules  con- 
taining d2  contribute  to  the  mass  spec  percentage  but  make 

Salt  dQ  dx  d2  C-2  C-3 

49x  17.9+0.9  78.3+2.1  3.8±1.5  0.938+0.097  0.222+0.090 

no  contribution  to  the  NMR  integrations.  So  the  NMR  equa- 
tions are  similar  to  the  ones  used  previously. 
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x+z  = .222 

y+z  = ,938 

x+y+2  z = 1.160 


The  fraction  of  z present  as  it  relates  to  x and  y (d2%  is 
implicit)  is: 


z _ 17.9 

x+y+2 z 78.3+2(17.9) 


.157 


z = ( . 157) (x+y+2z) , substituting  gives 
z = (.157) [ ( . 222-z)  + ( . 938-z)  + 2z] 

= (.157) (.222)  + (.157) ( .938) 

= .182 

•*'x  = .222  - .182  = .040  (moles  endo  migration) 
y = .938  - .182  = .756  (moles  exo  migration) 
exo/endo  = .756/. 040  = 18.90 

% exo  migration  = ( . 756) (102) /( . 756  + .040)  = 95.0 


In  a similar  fashion,  all  the  other  C-2  and  C-3  integra- 
tions are  corrected  and  the  exo/endo  percentages  calculated. 

At  this  point  there  arises  the  temptation  to  make  the 
numbers  say  more  than  they  actually  do.  One  must  be  care- 
ful to  avoid  this  and  particularly  not  to  lose  sight  of 
his  precision  of  measurement.  In  the  case  of  this  study, 
all  results  were  with  experimental  error  of  each  other. 

Thus  a consideration  of  k^/kp  was  unwarranted  even  though 
the  migratory  ratios  for  exo  H and  exo  D appeared  to  vary 
quite  a bit.  For  the  purpose  of  illustrating  the 


— 
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calculation,  the  photolytic  decompositions  49x  and  49n  will 
be  considered. 

It  should  be  remembered  that  a calculation  k„/k^  is 
possible  only  if  the  assumption  is  made  that  the  isotope 
effect  is  equal  for  both  exo  and  endo  migration  (38,  7, 

65)  . 

.895/. 052  = 17.21 


exo/endo  = .545/.  022 
= 24.76 


Two  equations  with  two  unknowns  are  then  solved  where  x = 
kinetic  isotope  effect  and  y = the  corrected  migratory  ratio 


y/x  = 24.76,  yx  = 17.21 


y = 24 . 76x 
(24.76x) (x)  = 17.21 
x2  = .70 


x = . 83  = kH/kD 
= (24.76) (.83) 

= 20.60  = Hx/Hn 


y 


